
at national accelerator laboratory 
TM-376 
1100.400 

DESIGN OF A MAGNETIZED IRON MUON SHIELD 
FOR A HIGH ENERGY NEUTRINO LABORATORY 

Y. Kang, K. Lee, A. Roberts, S. C. Snowdon and D. Theriot 

National Accelerator Laboratory 

and 

S. L. Meyer 

Northwestern University 

June 1972 

e Operated by Universities Research Association Inc. Under Contract with the United States Atomic Energy Commission 



DESSGl!l OF AMAGNETIZED IRON 

NEXJTRINO 

MUON Sm FORAHIGHENEHGY 

LABORATORY 

p. m, K. Lee, A. Roberts, S. C. Snowdon ad EL T'heriot 

Elational Accelerator Laboratory, Batavia, Illinois 

and 

S. L. Meyer. 

Horthwestern University, Evanston, Illinois 

ABSTRACT: 

Several new ideas sre adduced to the problem of designing muon shielding for 

a neutrino experimental facility operated at high energy, a problem of interest 

for the National Accelerator Laboratory and "CERN-II". We outl,ine a practical 

calculational procedure which permits the evaluation of the effects of magnetized- 

iron-lens geometries on the intensity distribution of muons at the detector loca- 

%ion., Such relevant effects as range straggling and multiple scattering.within 

and around the lens are included in the evaluation. A specific design is outlined 

which would increase the maximum energy of bubble chamber beams in the NAL neu- 

trino area from 350 to about 500 GeV. 



lq JEATURES OF A NEUTRINO FACILITY 

!l!he basic elements of a neutrino facility are shown in Figure 3.. A primary 

,proton be&is impinged on a target T to produce secondary particles, primarily 

n and g mesons. The mesons a;re mowed to 

;(-I -) J’-’ + 

K+W -b $(-I + 

decay. in the two body mode : 

The drift (decay) space is usually terminated by a beam stop followed by a 

massive radiation shield and the detector in series. The neutrinos, of course, 

being neutral and participating only in weak interactions easily penetrate the 

besm stop and shield and reach the detector attenuated only by geometry. 

If we refer to Figure 1 we see that the drift space (decay tunnel) has length 

L and is followedby a beam stop of negligible length, a "disc" of radius R (for 

purposes of later discussion), a massive muon shield and a detector area at a 

distance x downstream of the beam stop. The tot& space available for the facil- 

ity is L + x. For a given available space we wish to maximize L (up to the point of 

~2 mean lives for the parent mesons) and minimize x in order to maximize the 

neutrino flux at the detector always subject to the constraint that the charged 

particle flux at the detector be low enough for personnel safety and bubble chsm- 

ber operation. 

For monochromatic meson parents of energy s the neutrino spectrum is flat 

betGeen essentially zeroenergyand the energy of the meson, EM. The strongly 

interacting hadrons from the primary interaction are absorbed by the many inter- 

action lengths of material in the beam stop. Likewise, the large number of pho- 

tons fram secondary neutral mesons sre soaked up by the many radiation lengths. 



Ime’shielding probla thus resolV& itselfSnto xr&xing,the muons associated with 

meson decam. (1) in the drift space 

me dif$erentisJ. energy spectrum of muons arfsing from two-body decays of 

pare&mesons of a given energy 5 is constant between *muon energy Ep min and 

80 %T # 
140 Yn MeV at high energy 

for muons arising from pions and 

# MeV at high energy 

for muons arising from kaons. 

.The muon spectra are shown in Figure 2a for parent pions of energy.Euand in 

Figure 2b for parent kaons of energy EK. The muons do not interact strongly and 

hence can only be ranged out or deflected away from the region to be shielded. 

The ranges in three possible materials formuons of severa.l.energies are shown in 

Table ,I. 

It should be clear that the high energy muons are the background problem. 



Since it is expected that high energy kaons from the primary interaction will 

prove to be between 5-20$ of the pions and from the'fact shown in Figure 2 that 

EIUWS f’rom kaon decay have an average energy less than from pion decay, we sh&Ll. 

restrict our'attention to muons arising from pion decay in our quantitative in- 

veszqations, ignoriw the effects of kaonic muons. 

We shasI also focus on the problems of operating a 

of.background muons since the requirements for chamber 

stringent than for personnel safety (of the order of 1 

operation are much more 

P/m2 -pulse in the bubble 

chsmber whereas personnel safety can tolerate ~10~ p/m* -see). This requires, 

for 8;tl incident flux of 1Ol3 interacting protons per second, an attenuation ade- 

bubble chamber in the flux 

quate to produce a unit flux 4,= lo-l3 muons/m*-interadting proton. 

3. RANGE SHIELDS 

The,most conservative position to t&e is to attempt to provide a shield which 

'can range out muons of the highest possible energy. One has the additional caveat 

that radiative energy loss, which is subject to' large fluctuations, should not be 

included in the estimation of range lest the straggling be too large. It can be 

seen readily from Table I that provision of iron shielding quickly becomes very 

expensive. E.g. to shield 200 GeV requires 12Cm x &m x 4m = 192Gm3= 15000 metric 

tons or $3.6~ at $24O/metric ton. If one' envisages protecting larger-areas, the 

required tonnage scales accordingly. The estimates are exclusive of excavation 

and instsllation costs. 

These shielding considerations have been discussed by Keefe', Perkins2 and 

other authors. The merits and demerits of using earth shielding were first ex- 

plored in detail by Cemerini and Meyer3 who pointed out that earth shielding de- 

pressed the low energy part of the neutrino flux spectrum but left the high en- 

ergy end relatively unchanged from that coming from an iron sheild. Considera- 

tions of cost and available space led to the construction of the neutrino exper- 

imental area at NATA with earth shielding sufficient to range out muons below 



u3fio GeV energy. The NAL machine, however, is designed to achieve 500 GeV oper- 

ation without modification. The bubble chsmber detector area, moreover, is fixed 

iP".position relative to the accelerator snd any increase in the maximum energy of 

mnons which are ranged out could not be accomplished with earth shielding. The 

.,esxth shield case is straightforwardly calculated and results are shown in Figure 

3i OnTaxis muon fluxes < lo-l3 P/m2 -interacting proton require an earth shield 

fn. excess oflOOOm length for proton energy of 500 GeV. 

3. DlLFLECPION SHIELDING - GENERAL CONSIDEWTIONS 

The titernative to ranging out muons by a "brute force" range shield is to 

deflect the muons away from the personnel area or detector space to be protected. 

In order to provide economical s B'adz for adequate deflection it is desirable to 

use magnetized iron for the deflector.- It becomes possible to deflect muons 

sufficiently with much less iron than it would take to absorb them. 

Magnetic shields for.this uurnose have been considered before but the large 

attenuation factor required, the complexity of the geometry and the difficulties 

of evaluating multiple scattering effects led most authorsay to be pessimistic 

of,being able to design anything other than a "brute force" range shield with 

very few authors3 holding out hope. A major difficulty is the putative need for 

Monte Carlo calculation of each geometry. This is inconvenient, expensive in 

computer time, and prone to obscuring the salient design features. 

In,order to effect an appropriate design of a magnetized iron deflector, var- 

ious backgrounds due to muons scattering around and through the shield must be 

considered, since these limit the attenuation possible. Only recently has a sim- 

ple non-Monte Carlo calculational procedure to estimate these various backgrounds 

become available!. It is embodied in a computer program developed by Alsmiller 

et al.= This muon transport program calculates the intensities of muons in a 

semi-infinite homogeneous medium, using the theory of Eyges? to include the effects 



of both multiple Coulomb scattering and collision energy loss. 

The basis of our design technique is thus to identify and 

bution of each background muon source, and then to reduce the 

each ttt the necessary level. We use only ansJ.ytic techniques 

compute the contri- 

contribution of 

(with one exception, 

w&rein the Monte Carlo technique was invoked to verify that a specific contribu- 

tion was negligible). Thus we have been able easily to vary the relevant para- 

meters, 

The 

We used 

and to obtain the tot&L resultant muon flux at the detector. 

Ahmiller progrem requires as input a given spectrum of incident muons. 

the Trilling formula with current best parameters* for parent hadron pro- 

duction, aud from this derived the decay muon spectrum, neglecting the kaon con- 

tribution because the muons are in general less energetic. .Since the results 

~532 be quoted "per interacting proton", the lighter targets will produce some- 

what higher energy secondaries than will heavier targets. We have concentrated 

on'production from beryllium so as to be conservative. To calculate muon ranges, 

we rely on the observationofRoe' that a conservative combination of collision- 

energy-lass and direct-pair-production-energy-loss chosen so as to be safe against 

fluctuations of 7 standard deviations in the gaussian sense obviates straggling 

corrections, and is equivalent to use of the total collision energy loss alone if 

one starts with 500 GeV muons.g' We have, therefore, used just the total collis- 

ion loss without radiation loss and without subsequent straggling corrections. 

Our results are conservative in this regard down to attenuations of 10 IL2 -1p. 

Since only the most energetic muons produced can penetrate the shield, it is fre- 

quently possible to ignore the lower half of the production spectrum and thus to 

simplify calculations.. The Trilling formula we'have used tends to overestimate 

the high energy portion so that our results are conservative. 

We have used the NAL value&. for the shielding geometry: a decay tunnel 4.00 m 

long, 0.45 m in radius, followed by a beam dump, a circular "disc", and earth 



shitiding (see Figure 1). me "c&d represents either an iron plug or a magnet- 

ic deflector. We assume 1013 interacting protons/pulse in the neutrino target, 

which is the desired level of operation for tide-band neutrino experiments, and 

express our results in terms of residual muons/m2-interacting proton. 

4,. DlCE'L?SC!CION .L3HlZLi)ING - CALCULATIONS 

%le fismiller program gives the muon flux as a function of distance off-axis 

for a semi-infinite medium, with a known source function. The effect of magnetic 

deflection is obtained by c&xiLating the angle of deflection, ed, and taking a 

new direction, which makes an angle Bd with the undeflected beam, as the axis for 

the Alsmiller distribution. The previous axis, the undeflected direction, then 

will have intensities that cizn be read off the Alsmiller curves by superposing on 

them a line showing the new deflected axis, and reading off the reduced intensi- 

ties at the corresponding off-axis distances. This is shown in Figure 5. In 

practice, the required magnetic deflection is obtained by using the Alsmiller 

distribution and determining what angle is required to bring the intensity at the 

given depth in the shield down to the required value. 

In principle this procedure ought to be applied to several different energy 

bins independently, since the magnetic deflection depends on the momentum. We 

have deliberately ignored this and made the calculations on the assumption that 

all muons, however soft, undergo the same magnetic 

perhaps not a!jconservative as it sounds, since the 

all arise from the upper end of the muon spectrum. 

Sources of muons 

deflection; this estimate is 

residual muons at the detector 

We enumerate three sources which contribution to the net muon flux at the 

detector and note that this analysis is applicable to two types of hybrid shields: 

magnetized-iron-deflection-plus-earth shields as well as earth-plus-iron-plug. 

The geometry of interest is shown in Figure 1. We consider that the "disc" at the 



end of the-decay tunnel represents either a magnetic deflector or ata iron plug. 

!Ehree different sources of muons that contribute to the net flux at the detector 

am? as follow: 

3.) Mu&s-are emitted within an angular range 8 4 el where tan el= r/L end 

strike the disc at a radius less than or equal to r. These muons pass through no 

m,&erisJ. before the disc and hence are all transported through the disc. They 

.&ay thereafter scatter but we refer to this muon contribution as TRANSMISSION (I) 

Only. These muons are characterized by large energies since they are produced 

at.forward angles and we must reduce the flux of these muons by deflecting them 

away from the detector or by ranging them out with a combination of eerth and 

iron. 
2) &fll~kls produced with angles Ql 5 8 < Q2 where tan e2= R/L would, if propa- 

gated along straight lines, strike the.disc at radii greaterthan r and less than 

or equal to R. These muons, however, must Dass through a length.of earth shield- 

ing medium which varies between zero and (approximately) L(l-r/R). Muons in this 

regzon csn make two kinds of cgntribution to the net muon flux at the detector 

since they can scatter and pass around the disc (and scatter back to the detector) 

or pass through the disc. The muons which pass through the dis.c make a contri- 

bUtiOn to the net muon flux similar'to that of TRANSMISSION (I) and we call this 

contribution TRANSMISSION (II). The muons which scatter around the disc may make 

a contribution GROUNDSHINE (II). 

3) Muons produced at angles greater than Q2 will in general produce only a 

contribution to the scattered flux by passing around the disc. This contribution 

is GROUNDSHINE (III). Muons from this third production region can &so scatter 

and pass through the disc making a contribution TRANSMISSION.(III), 

There is little point to reducing one contribution if another is larger. In 

ali cases, there is no reason to reduce the muon flux to a level below that pro- 



Wed by neutrina interactions in the shieldthemselves producing muons. 

Gimate this level to be 2-4 plo depending on the distance between the end 

shield and the detector. Thus, there is a natural, point of diminishing 

Summary of procedure 

We es- 

of the 

returns. 

From a simple viewpoint, the transmission muons are treated with,either mag- 

eetic deflection or ranging in'iron while the groundshine muons are ranged out 

&earth, Qnalitatively, as the radiusofthe disc is increased; the groundshine 

mnons become less in intensity and, more important, softer in energy. The ground- 

shine muons are thus ranged out in smaller earth shields for larger disc radii. 

The radius of the disc is thus an important parameter to vary along with its dis- 

tance from the target. 

The contribution of TRANSMISSION (I) is straightforwardly calculated. The 

contribution of TRANSMISSION (II) has been conservatively overestimated by assum- 

ing that all muons produced in the (II) angular region are transmitted through 

the'disc. The Alsmiller program suffices to @culate TRANSMISSION (I) and TRANS- 

IKCSSION (II). The contribution of TRAWSMISSION (III) is neglected since the muons 

from region III are in general of lower energy than those in the other regions 

and we shall thus assume that these muons are readily removed by magnetic deflec- 

tion and/or direct ranging in iron. The contribution of GROUKDSRINE (III) is 

likewise readily calculablebythe M.smiller program. 

The program does not, however, easily lend itself to a calculation of GROUND- 

SHlNE (II) since the geometry for this is not homogeneous. However, we have cal- 

culated with the A&miller program the number of muons with production angles 

0 5 e2 which scatter sufficiently to miss the disc. We consider in the category 

only muons with energy 2 Emax where Emax is sufficient to penetrate the residual 

shield based on collision energy loss alone over the shortest possible path. 

This permits the evaluation of an upper limit to that of GROUNDSHINE (II) which 



cotird make a contribution to the bacmound at the detector. These may tic&t&m 

back but will be spread over an area such that the flux at the detector will be 

less by,a factor depending on geometry. This yields an upper limit to GROUND- 

;BTzNE (II). I'he contribution GROUNDSHEJE (II) may also be calculated by Monte 

Carlo methods. 

5< jtE§UL~ FOR SOME SIMPLE GEOMXTRIES 

L&.-us consider the flux of interest in our discussion to be 

#*= lo-l3 muons/m2-interacting proton (3) 

with the !Willing formula applied to a beryllium target. 

Figure 3a shows that the earth shield required to reduce the on-axis muon 

flax to $8, is in excess of llO0 meters length for a 600 meter decay length. Like- 

wise Figure 3b shows that more then 1000 meters of earth are required for a decay 

length of 400 meters. These results have been verified with use of the Alsmiller 

program and, within a factor of 2 in go, by d&ect Monte Carlo calculation. 

Figure 4a shows the Alsmiller program's results for the calculation of GROUND- 

SHINE (III) in the case of a disc 1.5 meters in radius placed at the end of a 600 

meter'decay tunnel. For this case, the on-axis flux contribution'f'rom this source 

is reduced to go after less than 550 meters of earth. 

As earlier discussed, GROUNDSHINE (1.1) cannot be explicitly calculated using 

the Alsmiller program. For muon energies in the decay tunnel in excess of 350 

GeV, however, we estimate that lo-l1 muons per interacting proton emerge from 

around the disc. These will spread over an area such that the flux per unit area 

at the detector is N 50 times less. This estimate yields 2 6, at the detector as 

an upper limit to GROUNDSHINE~(I1) in this case. The contribution GROUNDSHINE 

(II) makes no contribution down to the level of fro for any earth shield length in 

excess of 550 meters when the disc is placed at the end of the decay tunnel. 

Monte Carlo calculation verifies this. 



Figure 5a shows isoflux curves for TRPINWSSTON (I) plus 

!CR&U?SMISSION (II) for the case of 

fnthis-case all pass through the 

netic deflector which can produce 

muons, we can get an overestimate 

R = 1.5 meters and L = 600 

disc. If we consider that 

a deflection of 22 mrad on 

of the on-axis flux contribution from this 

an overestimate of 

meters. The muons 

the disc is a mag- 

the,highest energy 

:source as indicated on the figure. The on-axis flux is redticed to less than go 

Elft;er 550 meters of earth. 

Figures 4b and 5b show the results for the case R =.l.O meters and L = 400 

meters. Table II summarizes the results for these simple geometries. 

6, PRACTICAL REALIZATION OF A MAGNETIC DEFLECTOR 

While it would be des.irable to use a transverely magnetized block of iron as 

a deflector, the magnetization that can be obtained in a 

to be usef'ul with any reasonable excitation current. We 

toroidaJ_ magnetization where the iron is surrounded by a 

short sample is too low 

thus must consider 

current-carrying con- 

dudor to obtain flux lines whose path is entirely in iron and which require 

correspondingly low magnetization currents. 

To be specific we may consider a design which would permit the construction 

of a "disc". The deflector would now consist of two parts: the magnetized iron 

deflector or lens, and an axial iron "plug" to protect the open center of the 

lens. 

The deflector is a stack of soft'iron. It is magnetized by an axial current 

passing through a gap, the return legs of the winding being outside the iron. The 

toroidal magnetization produced has the flux lines approximately circular and co- 

axial with the beam. Particles traveling more or less parallel to the axis are, 

therefore, deflected either away from the axis or towards it, depending on their 

sign of charge. The deflector is thus a lens, coverging for one sign of particle 

and diverging for the other as indicated schematically in Figure &a, 6b. In 



&~IMX case, the particles eventua3ly diverge fmm the y~ti (Figure 64 or the 

Y&%usJ. focus (Figure 6b). The highest energy muons present are deflected suf- 

f'iciently to miss the sxisXLy located detector downstream. 

The deflector -thus focusses the muom intoa diverging cone. It should be 

recognized that the lateral elements of the cone may give increased radiation in- 

temlties at ground level. However, the radiation is lo&L where it leaves the 

earth shield, rapidly diverging and not very intense. 

The magnetic deflection ed to be supplied by the lens must be sufficient to 

produce the desired decrease of length in the axial shielding required to reduce 

the transmitted flux to $o. However, the iron of the lens will itself introduce 

scattering and, since the mean scattering angle varies.as the square root of the 

lens thicbnesa while the magnetic deflection is linear in it, the ratio of mag- 

netic to scattering deflection increases only as the square root of the lens 

thickness and is independent of momentum. (This result is well-known to design- 

ers of cosmic-ray muon spectrometers). 'For the &meter length we require to 

obtain' sufficient deflection, the mean scattering angle is about 6% of the deflec- 

tion angle. The effect of scattering within the lens can be estimated by varying 

the assumed deflection angle in Figure 5 snd noting the effect on axial inten- 

sity; if the effect of decreasing the deflection angle does not increase more 

rapidly than the scattered intensity falls off with angle, the process is a con- 

verging one and a satisfactory deflection angle can be found. This is fortun- 

ately the case, and the effects of scattering as well as misalignments, etc. are 

included by providing for a magnetic deflection large enough to include several 

times the mesn scattering angle. 

The "plug" is a stack of unmagnetized iron large enough in cross section to 

protect the center of the lens and placed on the beam axis upstream of the de- 

flector. The design criteria for the system plug f lens are as follows: 



lt .particles 

penetrate 

2.. particles 

which traverse the entire plus emerge with too little energy to 

to the detector. 

which miss the plug pass through the magnetic lens and are de- 

flected sufficiently to give the requisite attenuation in muon flux at an 

axislly located detector at the end of the shield. 

,3, particles which enter the plug but are scattered out of it should either 

a. strike the magnetic lens and be adequately deflected or, 

b. if they miss the deflector, have too low an energy to reach the detector. 

4, particles which miss both the plug and the magnetic lens should have too 

low an energy to reach the detector. 

The plug has two major effects. It slows down the muons which traverse it 

and, for sXL muons not scattered out of it, reduces their energy to the point that 

they do not reach the bubble chamber even if they traverse the deflector on axis- 

(and, hence, are not deflected). On the other hand, most muons are scattered out 

of it, and are then subject to defocussing by the magnetic lens. The scattered 

muons must then only be sufficiently deflected by the magnetized iron to compen- 

sate for the additional outward deflection due to scattering from the plug. (This 

-applies only to the converging case; for the diverging lens the additional scatter- 

ing is helpful and increases the divergence of the beam). 

The mean scattering angle produced by the iron plug is proportional to the 

square root of the length traversed, while the loss of momentum, and hence the 

increased deflection in the lens, are linear in that quantity. There is, there- 

fore, a minimum length above which the increased deflection after the lens caused 

by the plug will always exceed the scattering caused by the plug. For iron plugs, 

this length is 'ZO-3Om over the entire momentum region of interest. For lengths 

less than the minimum the escape probability of the scattered muon is low, and 

the scattering angle small, so that the net deflection deficit produced by the 



plu&ram&r exceeds one tiEradian. Thus design criterSm 3a above is> easily 

satfsf"ied. Nuons which are scattered out of the plug at so large an angle that 

they miss the deflecting lens are of too low an energy to reach the detector 

area,-thereby satisfying criterion 3b. 

7. A SPECIFIC DESIGN OF MAGNETIC DEFLECTOR 

For purposes of illustration we discuss a specific design which we have in- 

vestigated at the National Accelerator Laboratory. The toroid&l. magnet is to be 

built from 1,200 tons of iron obtained from the Rochester Cyclotron together with 

another 350 tons of flat plate to provide a msgnetic lens 3 meters x 3 meters x 16 

meters length as shown in Figure 7 and 8, Figure ga shows the magnetization curve 

for the Rochester cyclotron iron wZlile Figure 9b shows that for iron which is 

commercially available (U. S. Steel, Gary, Indiana) in large quantities at -$65/ 

ton, The effective permeabilities of both kinds of iron are comparable and ade- 

quate for the purpose. The magnet isenergized by an axial current passing through 

a gap 6” x 6”. Upstream of the magnet is an iron plug 16” square and 100 meters 

long. With a coil containing 4 l/2 tons of copper, 130 kw of power will provide 

17 kilogauss in the iron assuming stacking which leave $" gaps between iron blocks 

(in the direction of the flux lines). The required power scaIes directly 'with 

the average gap spacing'. 

The magnet itself is buried in an earth berm 320 meters past the end of the 

decay pipe, 720 meters Prom the target. The iron plug begins 220 meters past the 

end of the decay pipe. These elements could not be located closer to the end of 

the decay pipe because of various magnet enclosures and beam pipes which are 

buried in the berm after the decay pipe. 

The construction geometry of the neutrino area as drawn.in Figure 10 with 

this magnet in place was tested by means of a Monte Carlo program. The bubble 

chamber that we are interested in protecting is located approximately 1300m down- 



BWqm $'rom the tzWge% &nd m after the & of the decay pipe. The 9Wtu is. 

~+@3@& pf &%&&hg berm, magnet enclosu~~es, beam pipes, and cuts far other 

t?qm&nent& ar&aslhav%g a total effective shit&iing length of 7l6n of soil 

mm& f&e vzwious voibs axe taken into accmmt. 9Ibis cxzrresponds to a range shield 

tshea f;Fi6 magnet was turned off, the muon flux at the bubble chamber was eval- 

t?&fr& f;6 I% 6,r;3 x ltY8 muons/m2-interacting proton. 'when the magnet was adtiva- 

&& fs a field Strength of 16 kzilogauss, these muon fluxes dropped to the level 
& $,3 g %6=a muons/m2-interacting proton for 500 GeV protons, an improvement .of 

appPcz&zat6~ji 330, z&though still higher than desirable for operation of a btibble 

eqmier i & ii@ the muons that reached the vicinity oi? the bubble chamber were 

$3irttna tr3'ke of t&3 GROUNDSHINE (II) or GROUNDSHINE (III).type, predominantly 
--- 

titr@mDm (III). Aii muons of the TRANSMISSION type were successfully deflected 

away $rom %hc rSgion of the bubble chamber. This was to be expected because our 

s%mp~e con&orations calculated the deflections necessary for the highest energy 

BY&T&M &d hence tioul& give en overestimate of the total flux which is mainly lower 

energy muons b A fW further studies were carried out varying the parameters of 

%he size o!? the magnet and the incident proton energy. If the magnet were in- 

creased in 2ts t?-Ahverse dimension to 3.65m x 3.65m, the flux summed over the 

region of%he bubble chamber would correspond to 2.3 x 10 -12 muons/m2-interacting 

proton; for 4.26m x 4.&m, the flux would be 3.7 x 10'13. If, instead, the mag- 

ne% was le-ft &l&e and the incident proton energy varied, the flux for 475 GeV 

@ro&xx %ncident would be 1.4 x 10'12; for 450 GeV, the flux would be 1;6 x 10 -13 

-AU. ,o-f Zhe cklc$k.tions were carried out using the Trilling formula for a Be tar- 

@&. &%i@re?i to other production models such as C!KPr' or Hageaorn-Rs.nftll the 

T&i%l%~g %mula generally overestimates the production of high energy pions12, 

%-@F&Pk ';t'hc$e ,estimates should be regarded as pessimistic. 



8, . COMCLUSION 

-In summary we.feel that our proposed design represents a reasonable compromise 

with high probability of providing the desired muon flux levels for operation of 

&bubble chamber with 450-500 GeV protons on target, thus increasing the usef'ul 

makimum energy approximately loo-150 GeV above the available from the hassive 

'range shield aLone.' Any strange-. v statement will have to wait for the actua;l op- 

eration of such a facility. 
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&f-Range in Meters - M~~on,Exqy.-ih C;eV. 

,1 .8 .7J- 2x 

la 74335 5.97 2&. 2, 

5Q 3&O 26.6 SCL. 

6~9 s-2 2l4. 

MC xi33 99.1 417 

km & 193 813 
5QQ 9 239 1010 

- 

lGol‘ri~i.w loss.miLy,Cf--1 D. Theriot,Muon dE/dx and'Range Tables: Results for 

SI&c&~gMaterials bsing dollisiqn iosses drily NAL m-260 (1970). 



!l!ABIJE II 

Results For Some Simple Geometries 

Decay Tunnel Disc Radius . Maxmum Deflection Length of earth 
-Wh Angle needed for shield needed to 

highest energy: muons reduce on-axis flux 
to (d s; 8, 

4oom 1.0 m 16 nir 750 m 



3. f&@ified diagram of a neutrino beam facility. A proton beam incident 

from *he left produces mesons in the target, T; the forward mesons 

fravel along the decay tunnel and many of them decay in flight via 

leptonic modes that produce neutrinos., The disc is a geometrical construct 

u6ed for calculating fluxes; it represents a beam dump for both the 

primary protons and the secondary hadrons. The earth shield serves to 

range out the nmns arising from meson decay in the tunnel. The transverse 

scale is much exaggerated. 

2. aon spectra from two-body decays of picms and kaons. The muon energy 

spectrum is flat fron the highest available energy down to a lower 

Xndt given in the text. 

3a. Jsoflux contours for muons produced from pion decay in a 600 meter 

long decay tunnel, inside an infinite earth shield, as a function of 

distance downstream and of radial dista~oc from the beam line. The 

&u?p cutoff at the end is due to the ranging out of the ions in the 

earth. Calculations here and in subsequent maps are based on the llrilling 

f-a for meson field from beryllium and a primary proton energy of 

500 GeV, 

3b. Same as Figure 3a, but for a decay tunnel 4W meters long. 

I;a. Muon isoflux contours for GROUNDSHINE (III), muons scattered around the 

disc. The decay tunnel is 6OO m long, the disc radius is 1.5 meters. 

0, &me as Figure 4a, except tunnel is 400 mlong, disc radius 1.0 meter. 

58, Method of calculating TRANSMISSION with a deflecting lens at the position 

of the disc. The curves are the isoflux contours for muons that penetrate _ 

the 1.5 meter radius disc. The straight line. labelled 22 mrad deflection, 

shows the axial intensity distribution of this component of muons,on the 

assuqtion that the lens has bent all the muons through this angle, 30 that 

the axis of the muon distribution no-d makes a 22 rm;ad angle with t& former 

beam axis. The on-axis intensity at 1200 meters is 10m'with the lens off; 



5th 

6, 

7. 

8. 

9. 

10. 

-13 *a t&j lens m, it is less than 10 . The'TRANSMISSICN contribu%on 

to OZHU&S intensity is thus negligible with the lens on. 

Same as Figure 5a, but for 400 m decay tunnel and a disc radius of 

1.0 E&W. Now the required angular deflection of the muon beam &s 

fs ody 15.6 mrad, 

Schematic optical properties of toroidal magnetic lens. In (a) the 

lens is converging and particles diverge after passing.through a 

red focus. Par the opposite sign of particles, (b) shows the lens 

tobe divergingwitha virtual focus. 

tioss-section of the proposed lens design, using the (68" x 49") forgings 

available from the Rochester synchro-cyclotron. 

Perspective view of the proposed lens, which will be 50 ft. long, 

10 ft. by 10 ft. in cross-section. The magnetization is produced by 

sxial currents, with the return legs wound on the outside faces. 

(a) is the B-E curve for iron from%the Rochester synchro-cyclotron. 

(b)‘is the R4i *curve for U.S,Ste&low-carbon scrap steel, 8s presently 

available at $6fi/tm. 

A s%mpl3fied map of the NAL neutrino area, showing the location of 

the various components of the muon deflecting shield. Note the differing 

'transverse and 1ongitudineJ. scales. The left-hand end of the drawing 

starts at the beam dump, which is the end of the @O-mater decay tunnel. 

The scale in feet shows surveyors' readings; the dimensions in meters sre 

also shown. The iron plug, 16" square in cross-section and 330 feet long, 

start& downstream of building E-101 and is folIowed by the lens, located 

near building E-102 for convenience in servicing. 
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